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Abstract Background: To identify
alterations of retinal capillary blood
flow in the papillomacular area in
preclinical diabetic retinopathy us-
ing the Heidelberg scanning laser
Doppler flowmeter. Methods: Ten
eyes from ten patients with type 2
diabetes and no lesions visible on
fundus photography (level 10 of
Wisconsin grading) and ten eyes
from ten healthy subjects of similar
age range were examined with the
HRF. Intravisit reproducibility of
retinal capillary blood flow mea-
surements was assessed in normal
subjects and in type 2 diabetic pa-
tients, comparing different measure-
ment areas and different analysis
procedures: (a) 10×10 pixel box
with original software, (b) 10×10
pixel box with SLDF software, and
(c) whole-scan analysis with SLDF
software (automatic full-field perfu-
sion image analysis). Results: Intra-
visit reproducibility for the whole-
scan analysis in the papillomacular
area was 3.52%, 4.81% and 4.60%
for volume (VOL), flow (FLW) and
velocity (VEL) respectively. Using
this method, mean and SD values
for retinal capillary blood-flow are
13.25±2.87, 214.58±55.30 and
0.74±0.17, for VOL, FLW and VEL
for healthy eyes, comparing with
19.85±6.22, 360.87±158.70 and
1.20±0.48 in eyes with preclinical
diabetic retinopathy (P<0.010,
P<0.019 and P<0.015 respectively).
Conclusions: The HRF shows ac-
ceptable reproducibility when using
whole-scan analysis in the papillo-
macular area. Retinal capillary
blood VOL, FLW and VEL were
particularly increased in five of the
ten diabetic eyes examined, with
values over the mean + 2SD of the
control population, suggesting that
eyes showing increased retinal cap-
illary blood flow may indicate risk
of progression.
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Alterations of retinal capillary blood flow
in preclinical retinopathy in subjects 
with type 2 diabetes
Introduction
Diabetic retinopathy is still the main cause of loss of 
vision in people between 20 and 70 years of age in the
western world [1]. Visual loss is attributed either to mac-
ular edema or to retinal neovascularization. Diabetic
macular edema is a consequence of breakdown of the
blood–retinal barrier(BRB) [12], whereas retinal neovas-
cularization appears to be a direct result of vascular 
closure and ischemia [1].
Retinal ischemia due to vascular closure develops 
relatively early in the course of diabetic retinopathy and
is attributed to lack of vascular autoregulation and mi-
crothrombosis formation. Retinal blood flow changes are
considered to lead to the development of areas of poor
perfusion, facilitating microthrombosis formation [2].
Retinal blood flow measurements in the early stages
of diabetic retinal disease are needed to understand the
role of alterations in retinal hemodynamics in the devel-
opment of the retinopathy, and may eventually help in
the management of the retinopathy.
Alterations in retinal blood flow have been identified
in the different stages of the progression of diabetic reti-
nopathy. In patients with mild retinopathy and using a
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two-point fluorophotometry technique we found an in-
crease in retinal arteriolar velocity [4]. This finding was
confirmed by Cuypers et al. [5] using laser Doppler
flowmetry. Other authors have, however, registered a de-
crease in retinal blood flow. Sullivan and associates [18]
found reduced blood flow when the glucose levels re-
mained low and stable, increasing only in association
with high glucose levels. In the more advanced stages of
retinopathy, the results also conflict, with some authors
reporting decreases in retinal blood flow [15, 17] and
others reporting increases [3].
One of the major problems associated with these mea-
surements is their technical complexity and variability.
Cuypers et al. [5] used the Heidelberg Retina 
Flowmeter (HRF; Heidelberg Engineering, Dossenheim,
Germany) on a series of eyes from patients with either
type 1 or type 2 diabetes. They included in the study 
patients with all grades of retinopathy. They considered
the methodology to be reliable.
We examined with the HRF a series of eyes with pre-
clinical retinopathy in subjects with type 2 diabetes and
compared our findings with a healthy control population,
after examining the reproducibility of the different soft-
ware available and different examination methodologies.
Materials and methods
Subjects
Ten eyes from ten normal subjects (four men, six women) ranging
between 40 and 60 years of age (mean 49.40 years, SD 5.77 years)
and ten eyes from ten patients with type 2 diabetes (nine men, one
woman) ranging between 52 and 64 years of age (mean 56.80
years, SD 3.28 years) were examined. The duration of their diabe-
tes ranged from 5 to 7 years (mean 5.60 years, SD 0.66), and their
glycosylated hemoglobin (HbA1C) value ranged from 0.060 to
0.072 (mean 0.0652, SD 0.0043). Blood pressure was at or below
150/85 mmHg. All subjects in the study underwent a complete
ophthalmological examination, including slit-lamp biomicroscopy,
measurement of intraocular pressure and indirect funduscopy. All
patients were classified as level 10 in the Wisconsin grading.
The tenets of the Declaration of Helsinki were followed, and
the approval of the institutional review board was obtained.
Procedures
HRF examination technique
In each of the studies, a fixation point was provided at a distance
of 3 m to prevent errors as a result of changes in accommodation
between images and to help subjects ignore the sudden appearance
of the scanning beam. After correct positioning of the camera by
the operator, the subject fixated on the provided fixating point dur-
ing the entire scan procedure.
Patients’ eyes were not dilated, and the same operator per-
formed all scans. The process was repeated three times for each
patient.
Data acquisition
Before starting the acquisition process, two green lines on the 
operator screen mark the boundaries of the area from which flow
data will be derived. After the laser beam has been centered on the
area of interest, the focus is adjusted to produce maximal bright-
ness within that area. With the laser position and focus optimized,
sensitivity is set so that the brightest pixels within the area of in-
terest are light yellow in color and not white, which would mean
saturation. When acceptable alignment, focus and brightness have
been achieved, the operator initiates the process.
After the scan has been completed, data are processed. This
processing includes a Fourier transform to extract the individual
frequency components of the collected light. For each pixel of the
scan, a frequency power-spectrum is computed from the respec-
tive intensity time curve. On the frequency axis of the spectrum,
each frequency represents a set of red blood cells with a given ve-
locity, and the height of the spectrum at that frequency represents
the number of red blood cells required to produce that intensity.
Integrating the spectrum yields total red blood cells, called volume
(VOL). The integration of height × frequency yields the “effective
Doppler shift”, called flow (FLW). The ratio between flow and
volume is the mean red blood cell velocity (VEL).
Reproducibility
Reproducibility was expressed as the ratio between standard devi-
ation (SD) and the mean of repetitive measurements. Three scans
were performed within the macular area, avoiding large vessels,
for each subject in a single visit.
Comparisons were made for reproducibility of VOL, FLW and
VEL for the 20 eyes using three different methods (Table 1):
● Method A: 10×10 pixel box area with the current Heidelberg
Engineering HRF software (version 1.02), in three different an-
atomical locations.
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Table 1 Reproducibility of the different methods used for capillary blood flow measurement with the Heidelberg Retina Flowmeter
Group Reproducibility (%)
Method A (HRF – 10×10 box) Method B (SLDF – 10×10 box) Method C (SLDF – whole area)
VOL FLW VEL VOL FLW VEL VOL FLW VEL
Normals Mean 8.29 11.05 10.04 11.47 21.81 21.47 2.81 3.74 3.67
SD 3.75 4.42 3.87 4.18 11.21 11.77 1.94 2.09 1.79
Diabetes Mean 8.02 10.96 10.40 10.39 25.03 24.50 4.23 5.87 5.54
SD 3.49 3.28 3.07 6.80 15.71 15.45 3.51 3.87 3.22
All Mean 8.16 11.00 10.22 10.93 23.42 22.99 3.52 4.81 4.60
SD 3.62 3.90 3.50 5.67 13.74 13.82 2.92 3.29 2.77
● Method B: 10×10 pixel box area with SLDF Tool Analysis
supplied by Heidelberg Engineering (version 3.4.0), in three
different anatomical locations.
● Method C: whole scan area (256×64 pixels) with SLDF Tool
Analysis supplied by Heidelberg Engineering (version 3.4.0).
For methods A and B a clear anatomical landmark common for
the three scans and to the two methods was selected. From this 
location a given number of pixels was counted both in x- and 
y-directions to ensure that the same area was considered for the
different scans (same patient).
Methods B and C make use of SLDF Tool Analysis. With this
software the resulting perfusion image was processed with respect
to: (1) underexposed and overexposed pixels, (2) saccades and (3)
the retinal vascular tree. Capillaries and vessels of the retinal 
vascular tree were identified automatically by pattern analysis.
Retinal vessels with a diameter greater than 30 µm, underexposed
or overexposed areas, and saccades were automatically excluded.
For the whole-scan analysis, the automatic full-field perfusion
image analyzer procedure [13] was used and total mean flow, total
mean volume, total mean velocity, standard deviation, cumulative
distribution curve of flow and capillary pulsation index were auto-
matically calculated. Heartbeat-associated pulsation of capillary
blood flow was estimated by plotting the mean capillary flow of
each horizontal line against time.
Reproducibility for each eye when using three scans and analy-
sis in three different locations during each scan was considered as
the mean of the local reproducibilities established for each one of
the three locations.
Comparison between the normal population and diabetic patients
Using the data collected for reproducibility as explained in the
previous section, mean values for the whole scan area, using the
automated full-field perfusion image analysis (256×64 pixels) ob-
tained with SLDF Tool Analysis (version 3.4.0) for VOL, FLW
and VEL, were used to compare the findings in normal and diabet-
ic patients (Table 3). The statistic analysis was performed using
the t-test for VOL, given its normal distribution, and the non-para-
metric Mann–Whitney test for FLW and VEL with SPSS software,
version 11 for Windows.
Results
Reproducibility
Reproducibility was expressed as the ratio between stan-
dard deviation (SD) and the mean of three measure-
ments. The data from the normal volunteers and diabetic
patients are presented in Table 1.
Using the 10×10 pixel box measurement window 
with HRF software version 1.02 (method A), the overall
reproducibility was: (a) 8.16% (SD 3.62) for VOL, (b)
11.00% (SD 3.90) for FLW and (c)10.22% (SD 3.50) for
VEL.
When using the SLDF software version 3.0.4. with
the same window area the overall reproducibility was:
(a)10.93% (SD 5.67) for VOL, (b)23.42% (SD 13.74)
for FLW and (c) 22.99% (SD 13.82) for VEL. 
Analyzing the whole scan with the automated full
field perfusion image analysis the reproducibility was:
(a) 3.52% (SD 2.92) for VOL, (b) 4.81% (SD 3.29) for
FLW, and (c) 4.60% (SD 2.77) for VEL. In this group,
the reproducibility for normal volunteers was: (a) 2.81%
(SD 1.94) for VOL, (b) 3.74% (SD 2.09) for FLW and
(c) 3.67% (SD 1.79) for VEL and for patients with type
2 diabetes: (a) 4.23% (SD 3.51) for VOL, (b) 5.87% (SD
3.87) for FLW, and (c) 5.54% (SD 3.22) for VEL.
Normal vs. diabetes type 2 patients
Using the whole scan with automated full-field perfusion
image analysis, the most reproducible method, the nor-
mal population showed mean values of: (a) 13.25 (SD
2.87) for VOL, (b) 214.58 (SD 55.30) for FLW and (c)
0.74 (SD 0.17) for VEL, whereas the diabetic population
showed mean values of: (a) 19.85 (SD 6.22) for VOL,
(b) 360.87 (SD 158.70) for FLW and (c) 1.20 (SD 0.58)
for VEL (Table 2).
Statistically significant differences in VOL, FLW and
VEL were found between diabetic and normal subjects.
The mean values of the diabetic population were in each
case higher than those for the normal population, with 
P of 0.010, 0.019 and 0.015 for VOL, FLW and VEL, 
respectively. These statistically significant differences
are mainly due to five eyes (nos. 3, 4, 5, 7, 8) with four
of these eyes (3, 4, 7, 8) showing values for VOL, FLW
and VEL above the mean + 2SD for the normal control
eyes. The fifth eye (no. 5) showed a marked increase in
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Table 2 Retinal capillary blood volume (VOL), flow (FLW) and
velocity (VEL) in healthy control (N) and diabetic (D) individuals
(mean values, method C)
Individual VOL FLW VEL
N 1 14.82 220.82 0.76
N 2 17.46 292.92 0.95
N 3 13.71 200.77 0.69
N 4 10.81 178.52 0.63
N 5 9.62 146.41 0.52
N 6 15.07 288.84 0.96
N 7 8.85 152.28 0.53
N 8 15.05 217.05 0.75
N 9 16.44 290.00 0.98
N 10 10.63 158.20 0.58
Mean (N) 13.25 214.58 0.74
SD (N) 2.87 55.30 0.17
D 1 14.24 212.96 0.73
D 2 15.66 282.06 0.95
D 3 22.48 404.48 1.36
D 4 33.64 765.13 2.40
D 5 21.79 319.63 1.07
D 6 15.88 259.61 0.88
D 7 26.83 478.91 1.54
D 8 20.25 406.40 1.37
D 9 13.96 263.57 0.91
D 10 13.76 215.90 0.75
Mean (D) 19.85* 360.87** 1.20***
SD (D) 6.22 158.70 0.48
* P<0.010; ** P<0.019; *** P<0.015
all parameters, although only the VOL value was raised
above the mean + 2SD of the normal control eyes. The
eyes that showed these marked increases in capillary
blood flow did not show any consistent correlation be-
tween the capillary blood flow alterations and the sys-
temic metabolic parameters evaluated (Table 3).
Discussion
Studies on retinal blood flow in diabetes have given con-
flicting results, apparently due to the complexity and
variability of the measurement methods available for
clinical use.
We have, in this study, used the HRF, which is based
on scanning laser Doppler methodologies and is techni-
cally restricted to the performance of reliable measure-
ments of blood flow in small vessels of the retinal capil-
lary superficial layers. Firstly, we compared protocols
and available software used by different authors in previ-
ous studies [5,13, 16, 17] to examine their reproducibili-
ty. Three different protocols were compared in a series of
healthy eyes and in eyes with preclinical retinopathy
from subjects with type 2 diabetes. Retinal capillary
blood flow measurements performed in the papillomacu-
lar area, using whole-scan analysis and the automated
full-field perfusion image analysis proposed by Michelson
et al. [14], showed very good reproducibility in both
healthy and diabetic eyes (Table 1). The reproducibility
of the method in diabetic patients is lower than in normal
volunteers, but the differences are acceptable, with mean
reproducibility remaining below 6%. This methodology
involves automatic subtraction of large vessels and takes
into account heartbeat-associated pulsation, artificial
movements and local variations in brightness of the fun-
dus.
When comparing the retinal capillary blood flow
measurements obtained from the papillomacular area
with the HRF using the automated full field perfusion
image analysis method in diabetic eyes with preclinical
retinopathy and in healthy control eyes, there was an
overall statistical significant increase in retinal blood
flow in the diabetic eyes. However, when analyzing the
results obtained in each eye it became clear that this in-
crease in retinal blood flow varied markedly between
them. Five of the ten diabetic eyes showed clearly abnor-
mal increases in retinal capillary blood flow, i.e. with
four of them presenting values higher than the mean 
+ 2SD of the values registered for all parameters (vol-
ume, flow and velocity) in the normal control group. The
other five diabetic eyes showed values within the normal
range.
These findings may have particular relevance. They
may explain the conflicting reports in the literature and
indicate that changes in retinal capillary blood flow are
an early alteration in the diabetic retina, but do not occur
to the same degree or at the same time in every retina.
They may develop as a result of other retinal alterations,
and may be of particular value in indicating the eyes that
are at risk for progression of retinopathy.
In this study, the increases in retinal capillary blood
flow registered in five of the ten diabetic eyes with pre-
clinical retinopathy did not show any clear correlation
with level of metabolic control (HgA1C), blood glucose
values on the day of the examination, duration of the dis-
ease, blood pressure levels or other systemic variables.
This is in agreement with the observations of Cuypers et
al. [5].
There are several possible explanations for the in-
crease in capillary blood flow in diabetes [11]. An in-
crease in red blood cell capillary flow could indicate
shunting, an increase in capillary diameter, or capillary
recruitment.
The flow of red blood cells through retinal capillaries
is modulated by intravascular and extravascular factors.
The intravascular pressure gradient between the precapil-
lary arteriole and the postcapillary venule is considered to
be the most important regulator of capillary flow. In this
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Table 3 Metabolic characterization of diabetic patients at time of
examination. GLU Blood glucose (mg/dl), HbA1C hemoglobin
A1C (%), T Chol total cholesterol (mg/dl), HDL high density lipo-
proteins (mg/dl), LDL low density lipoproteins (mg/dl), Trigl tri-
glycerides (mg/dl), BMI body mass index (kg/m2)
Patient Age Sex Duration GLU HbA1C Creat T Chol HDL LDL Trigl BMI
(years) (years)
D 1 53 M 5 109 6.1 1.0 273 46 154 340 22.4
D 2 55 M 5 121 6.4 0.9 288 47 165 353 23.0
D 3 64 M 6 133 6.4 0.9 247 45 139 161 27.0
D 4 58 M 5 130 6.2 0.9 249 45 142 180 22.0
D 5 55 M 6 169 7.2 0.9 196 40 99 280 38.2
D 6 56 M 7 112 6.2 0.9 243 45 136 260 23.0
D 7 52 M 6 149 7.0 0.9 255 53 116 212 23.5
D 8 57 F 5 255 6.0 0.8 260 55 154 105 27.6
D 9 59 M 5 168 6.5 0.9 193 34 112 121 28.0
D 10 59 M 6 268 7.2 0.8 230 53 134 118 27.4
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study, all patients with type 2 diabetes had similar and ac-
ceptable levels of blood pressure. On the other hand, an
increase in capillary diameter is considered to have a rela-
tively small effect on the pressure gradient and, therefore,
results in a small decrease in capillary flow [10]. Shunting
phenomena or capillary recruitment are the most likely
candidates to explain the marked increase in capillary red
blood cell flow observed in five of the ten diabetic eyes.
It is thought that under normal physiological condi-
tions most retinal capillaries are perfused by both plasma
and red blood cells. Fluorescein angiographic studies in-
dicate that retinal capillaries are continuously perfused.
However, the fluorescein method does not distinguish
between flow of plasma alone and flow of plasma and
red cells together.
It is accepted that in the brain, in a small fraction of
capillaries, red blood cell perfusion may stop for brief
periods – not longer than a few seconds – indicating
some degree of intermittence in red blood cell flow in
the capillaries.
Whether capillaries open and close at rest, and during
adaptation of capillary blood flow to changing metabolic
needs, is still a matter of controversy. Functional “thor-
oughfare channels” or preferential capillaries with high
resting flow have been proposed to play a central role in
the microcirculation of the brain, surrounded by other cap-
illaries, characterized by slow resting flow, which could be
recruited when the tissue blood supply is challenged [7].
Finally, another possibility is that in the retinal capil-
laries plasma flow is continuous, but red blood cells
travel through only a proportion of all capillaries at all
times. In this case, capillary recruitment would be a nat-
ural response either to increased metabolic demands by
the retinal tissue in diabetes [8] or to a situation of rela-
tive hypoxia as proposed for the diabetic retina [6].
An important contribution to clarifying these ques-
tions may be given by the application of the analytical
procedure for measurement of intercapillary distances
developed by Michelson et al. [14].
It is interesting to mention here that one of the earliest
abnormalities considered to be observed in the diabetic
retina on clinical examination is an increased visibility
of the superficial retinal capillary network.
It now needs to be clarified which eyes are at risk of
progression to retinopathy: the eyes which show in-
creased capillary blood flow, thus apparently creating
conditions for more rapid and progressive damage of the
capillary walls, or the eyes that do not show this autoreg-
ulatory response. It remains a possibility that the near
normal values for capillary blood volume, capillary
blood flow and capillary blood velocity registered in five
of the ten diabetic eyes indicate failure of their autoregu-
latory response.
In this pilot study, there were no apparent correlations
between capillary blood flow alteration and the metabol-
ic alteration of the diabetic patients at the time of the 
examination. This observation suggests that the capillary
blood flow alterations registered are not acute and transi-
tory, but may indicate a more permanent status of the 
retinal circulation.
Laser Doppler flowmetry of the retinal capillary cir-
culation using whole-scan automated full-field perfusion
image analysis is, in normal healthy individuals and dia-
betic patients with preclinical retinopathy, a reproducible
method of examination. It offers direct information on
the retinal capillary blood flow that cannot be obtained
by other available methods used for the study of retinal
blood flow, such as color Doppler imaging [9] or fluores-
cein angiography dye-dilution curves [18], which ana-
lyze information obtained from the larger retinal vessels. 
Our observations indicate that in some diabetic eyes,
even before the development of visible retinopathy, there
is (probably due to local factors) a marked increase in ret-
inal capillary blood flow, with the maximal utilization of
the retinal capillary net, whereas others do not show this
circulatory response. It now remains to be seen which one
of these two groups of eyes is more vulnerable, and at
risk of rapid development and progression of retinopathy.
A prospective follow-up study of diabetic eyes such
as the ones included in this study, to identify the onset of
morphological changes detected by funduscopy and fun-
dus photography, is clearly the next step. It is considered
important to verify which eyes develop ophthalmosco-
pically visible retinopathy first: eyes showing increased
capillary blood flow or eyes with near-normal values in
spite of their diabetes.
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